C/EBP␣-mediated growth arrest have been the subject of intensive investigations during the last ten years; howIn liver of old animals, the proliferative response is dramatically reduced, the mechanism for which is unever, only recent observations shed light on some aspects of the growth inhibition. Numerous attempts to known. The liver specific protein, C/EBP␣, normally arrests proliferation of hepatocytes through inhibiting identify cell cycle-related transcriptional targets of C/EBP␣ were unsuccessful. It was recently demoncyclin dependent kinases (cdks). We present evidence that aging switches the liver-specific pathway of strated that although C/EBP␣ is a transcription factor, its growth inhibitory activity in liver of young animals is C/EBP␣ growth arrest to repression of E2F transcription. We identified an age-specific C/EBP␣-Rb-E2F4 
Figure 1. The Majority of C/EBP␣ in Livers of Old Animals Exists as C/EBP␣-Rb-E2F4-Brm Complex
progression through its interaction with cell cycle protion fractions. In old animals, we observed colocalization of C/EBP␣, E2F4, Rb, and Brm in high MW fractions, teins. We examined protein-protein interactions of C/EBP␣ in livers of old rats and compared them with while in young animals C/EBP␣ does not colocalize with these proteins in high MW fractions (Figures 1A and that observed in livers of young animals. HPLC-based gel-filtration technique was applied for these studies. 1B). The colocalization of C/EBP␣ with these proteins is specific for C/EBP␣, since another member of C/EBP Figure 1A shows a reproducible result of the gel-filtration assay of proteins from livers of young and old rats. In family, C/EBP␤, is observed only in low MW fractions ( Figure 1B ). To examine whether the colocalization of young animals, C/EBP␣ is observed in fractions with molecular weight ranging from 100 to 300 kDa, while in E2F4, Rb, and Brm with C/EBP␣ in high MW fractions is due to direct interactions, IP-Western experiments nuclear extracts of old animals C/EBP␣ is located in gel-filtration fractions with MW ranging from 400 kDa to with the gel-filtration fractions were performed. As can be seen in Figure 1B , Brm is bound to C/EBP␣, sug-680 kDa ( Figure 1A ). Treatment of the nuclear extracts with DNase I before the fractionation does not alter the gesting the existence of C/EBP␣-Brm complexes. We also detected association of Rb with C/EBP␣ in high location of C/EBP␣ in gel-filtration fractions (data not shown) suggesting that the shift of C/EBP␣ into higher MW fractions (data not shown and see ). Therefore, we examined whether these proteins colocalize with C/EBP␣ in the high MW gel-filtramonths) rats and young (4-6 months) mice. In livers of old animals, we reproducibly observed the formation of nuclear extracts with Brm. Given the fact that cdk2 and Brm interact with the same region of C/EBP␣ (Wang et the age-specific complex.
To further characterize this complex, we applied a al., 2001, and see Figure 3B ), we suggested that Brm might replace cdk2 from C/EBP␣. To examine this sugsimple coimmunoprecipitation procedure. As can be seen in Figure 1C , amounts of all of these proteins are gestion, we performed a direct test whether these proteins compete for the interaction with C/EBP␣. Fullincreased in C/EBP␣ IPs from old animals. In addition to the increase of total amounts of Rb associated with length GST-C/EBP␣ was incubated with nuclear extracts from young animals in the presence of increasing C/EBP␣, we also observed the enrichment of hyperphosphorylated forms of Rb in C/EBP␣ IPs from old amounts of Brm. These studies revealed that Brm replaces cdk2 from C/EBP␣ ( Figure 2D) . A similar result animals ( Figure 1C ). The analysis of C/EBP␣ IPs with antibodies specific to ph-Ser-780 (cyclinD/cdk4 phoswas obtained with a short C/EBP␣ fragment (aa 140-207) to which both proteins bind ( Figure 2D, right) . Thus, phorylation site) and with antibodies to ph-T-821 (cyclin E-cdk2 phosphorylation site) showed that the phosphorthese studies demonstrate that increased levels of Brm replace cdk2 from C/EBP␣ and lead to the formation of ylated form of Rb contains ph-Ser-780. In agreement with Co-IP results, GST-pull-down assay shows that the age-specific C/EBP␣-Rb-E2F4-Brm complex (Figure 2E) . Brm, Rb, and E2F4 all interact with GST-C/EBP␣ in extracts from old animals better than in extracts from
To better characterize the role of Brm in the formation of the age-specific complex, we investigated whether young animals ( Figure 1D ). Thus, gel filtration, Co-IP, and GST-pull-down assays show that the major portion the C/EBP␣-Rb-E2F4-Brm complex functions in differentiated 3T3-L1 adipocytes and whether Brm controls of C/EBP␣ in old animals exists in a complex with Rb, E2F4, and Brm.
the formation of the complex in these cells. We chose 3T3-L1 adipocytes because Porse et al. ( 
GST-pull-down assay indicates that C/EBP␣-2 and ⌬113
Western analysis showed that Brm and E2F4 are expressed at high levels in glucose-treated cells (control) constructs, containing both these regions, interact with Brm, Rb, E2F1, and E2F4 proteins ( Figure 3D 
Dependent Promoters in Livers of Old Animals
We next examined whether the age-specific C/EBP␣ We next examined whether Rb is required for the formation of C/EBP␣-Rb-E2F4-Brm complex. For this complex interacts with DNA. Since the complex contains two transcription factors, C/EBP␣ and E2F4 ( Figure 3F ), goal, we generated a stable clonal cell line with Rbdeficient SAOS2 cells (clone SA12, see Figure 6 ), in it might potentially bind to both E2F and C/EBP dependent promoters. We first applied gel-shift assay to examwhich C/EBP␣ was cloned under Lac-repressor control. ine whether the age-specific C/EBP␣ complex interacts GST-C/EBP␣. The amounts of Rb in the complexes with C/EBP␣ are 3-to 3.5-fold increased after incubation of with DNA containing C/EBP␣ or E2F consensuses. Although the gel shift with E2F probes detects the proteins with wild-type E2F consensuses, but not with the bZIP oligomer ( Figure 3F ). These data indicate that C/EBP␣-Rb-E2F4 complex, this complex is not stable under conditions of gel-shift assay and migrated very the presence of a DNA containing E2F consensus increases the interaction of C/EBP␣ with Rb and presumclose to the top of the gel (data not shown). Therefore, we applied an HPLC-based approach to allow separaably the formation of C/EBP␣-Rb-E2F4-Brm complex. To further examine if the C/EBP␣-Rb-E2F4-Brm comtion of high MW complexes. As a preliminary test, we examined whether DNA containing C/EBP␣ or E2F conplex interacts with the E2F consensus, nuclear extracts from young livers were incubated with wild-type or musensus sequences increases the interaction of C/EBP␣ with other components of the complex. Short oligomers tant E2F oligomers and proteins were fractionated by gel filtration. The incubation of nuclear extracts with containing C/EBP␣ (bZIP) and E2F consensuses for DHFR and Ad E2 promoters were incubated with samwild-type E2F consensus leads to a shift of all components of the C/EBP␣-Rb-E2F4-Brm complex to higher ples containing nuclear proteins from young liver and Given the occupation of E2F-dependent promoters by C/EBP␣ to E2F promoters in young and old animals is specific for E2F dependent promoters, since the control the C/EBP␣-Rb-E2F4 complex in quiescent livers of old animals, we tested whether this complex represses E2F-HSTS promoter is bound only to E2F1 and C/EBP␣ in both age groups. It is interesting to note that although dependent transcription after PH. Western analysis of C/EBP␣ in livers of young and old animals showed that Brm is observed within the C/EBP␣ complexes in nuclear extracts of old animals, we could not detect in C/EBP␣ is reduced after PH in livers of young animals, but C/EBP␣ levels are not altered after PH in livers of vivo association of Brm with any of the E2F-dependent promoters analyzed in this study, using several sources old animals ( Figures 5A and 5B) . We next examined the expression of E2F targets in young and old livers. We of antibodies to Brm. Another interesting observation is that, although young animals do not contain detectable chose a short (6 hr for rat liver and 8 hr for mouse liver) time period after PH, since C/EBP␣ levels are dramatilevels of C/EBP␣-Rb-E2F4 complexes, C/EBP␣ is located on the DHFR promoter, but not on two other E2F-cally reduced in young livers at early time points and the effects of C/EBP␣ reduction most likely to be direct dependent promoters, cdc2 and b-myb. We further showed that the association of C/EBP␣ with DHFR prowithin this time frame. Western blotting showed that cdc2, b-myb, and DHFR proteins are not changed within moter in young animals might be due to a direct interaction of C/EBP␣ with the DHFR promoter (see below). In Figure 4C Figure 4D shows a typical picture of the binding of E2F ( Figure 5D ). We also detected the C/EBP␣-Rb-E2F4-to the DHFR promoter in reactions containing salmon Brm complex by gel-filtration chromatography (data not DNA or poly dI-dC competitors. Both free E2F and E2F-shown). We next examined whether the failure of old Rb complexes are detectable in the reactions with mice to induce c-myc is due to the repression of the salmon DNA. However, poly dI-dC completely blocks the interaction of E2F with DNA. Therefore, dI-dC comc-myc promoter by the C/EBP␣-Rb-E2F4 complex. The occupation of the c-myc promoter by E2F-Rb and petitor was further used in experiments to monitor only C/EBP␣ binding activity in extracts containing both E2F C/EBP␣ proteins was examined in quiescent livers and in livers after PH using chromatin-IP assay. As can be and C/EBP␣ transcription factors. As a positive control for C/EBP binding, a bZIP probe containing high affinity seen in Figure 5E , E2F4-Rb complexes are present on the c-myc promoter in quiescent young livers. In addi-C/EBP␣ site (Timchenko et al., 1996) was used. Figure  4E shows that C/EBP␣ binds to the DHFR promoter, tion to these proteins, C/EBP␣ also occupies the c-myc promoter in quiescent old livers. The induction of c-myc but not to b-myb promoter. Incorporation of specific antibodies to C/EBP␣ supershifted the complex and after PH in young mice correlates with the removal of Rb from the c-myc promoter, while in old livers the revealed that C/EBP␣ interacts with the DHFR promoter. This interaction seems to be direct, because bacterially c-myc promoter is occupied by the C/EBP␣-Rb-E2F4 complex. These observations suggest that the age-speexpressed, purified to homogeneity his-C/EBP␣ also binds to the DHFR promoter ( Figure 4E, right) . The mutacific C/EBP␣-Rb-E2F4 complex represses transcription of c-myc and perhaps other E2F target genes such as tions of TCGC region within E2F consensus of the DHFR promoter (M1, Figure 4C ) abolish binding of both E2F cdc2 ( Figure 5E ). We also examined whether other signal transduction pathways differ in young and old animals and C/EBP␣ ( Figure 4F ). Based on these data, we conclude that C/EBP␣ directly binds to E2F consensus after PH. Gel shift and Western analyses did not show differences in the activation of NF-kB, Stat3, Jun B, and within the DHFR promoter and that binding sites for E2F and C/EBP␣ overlap within the DHFR promoter. These C/EBP␤ in young versus old mice (Figures 5A and 5B ; for Stat3 and NF-kB, data not shown). A working model data suggest that the presence of C/EBP␣ on the DHFR promoter in young animals is mediated by the direct for the regulation of the c-myc promoter in young and old livers after PH is shown in Figure 5F . Our data suginteraction of C/EBP␣ with the DHFR promoter. cytochrome P-450 3A activity. J. Pharmacol. Exp. Ther. 292, A stable C/EBP␣ clone SA12 was generated with Rb-deficient 921-928. SAOS2 cells as described (Timchenko et al., 1996) . C/EBP␣ was induced by IPTG and proteins were isolated at different time points
6-8 hr after PH in both age groups (Figures 5A and 5B; for DHFR and cdc2, data not shown). On the contrary, summary, chromatin precipitation analysis revealed that the C/EBP␣-Rb-E2F4 complex is bound to E2F promotc-myc protein is dramatically induced after PH in livers of young animals, while no induction of c-myc was obers in quiescent livers of old animals. served in old animals. These studies demonstrated that the induction of c-myc is blocked in old livers of both C/EBP␣ Directly Interacts with E2F Consensus mice and rats. We examined the interaction of C/EBP␣ of the DHFR Promoter with the c-myc promoter and found that C/EBP␣ does Given the occupation of the DHFR promoter by C/EBP␣ not bind directly to the c-myc promoter (data not shown). in young livers, we next examined mechanisms responThis suggests that effects on this promoter by C/EBP␣ sible for localization of C/EBP␣ on the DHFR promoter. may occur through the interaction with Rb and E2F proNucleotide sequences of E2F consensuses within the teins. DHFR and b-myb promoters are shown in
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